We used a new generation of asymptotic giant branch (AGB) stellar models that include dust formation in the stellar winds to find the links between evolutionary models and the observed properties of a homogeneous sample of Large Magellanic Cloud (LMC) planetary nebulae (PNe). Comparison between the evolutionary yields of elements such as CNO and the corresponding observed chemical abundances is a powerful tool to shed light on evolutionary processes such as hot bottom burning (HBB) and third dredge-up (TDU). We found that the occurrence of HBB is needed to interpret the nitrogen-enriched (log(N/H) + 12 > 8) PNe. In particular, N-rich PNe with the lowest carbon content are nicely reproduced by AGB models of mass M 6 M , whose surface chemistry reflects the pure effects of HBB. PNe with log(N/H)+12 < 7.5 correspond to ejecta of stars that have not experienced HBB, with initial mass below ∼3 M . Some of these stars show very large carbon abundances, owing to the many TDU episodes experienced. We found from our LMC PN sample that there is a threshold to the amount of carbon accumulated at AGB surfaces, log(C/H) + 12 < 9. Confirmation of this constraint would indicate that, after the C-star stage is reached, AGBs experience only a few thermal pulses, which suggests a rapid loss of the external mantle, probably owing to the effects of radiation pressure on carbonaceous dust particles present in the circumstellar envelope. The implications of these findings for AGB evolution theories and the need to extend the PN sample currently available are discussed.
INTRODUCTION
The Large Magellanic Cloud, due to its proximity (d ∼ 50 kpc, Feast 1999 ) and low average reddening (E(B − V ) ∼ 0.075, Schlegel et al. 1998) , has been used successfully as a laboratory to test asymptotic giant branch evolution. The AGB population of the LMC has been thoroughly investigated by means of dedicated photometric surveys: the Magellanic Clouds Photometric Survey (MCPS, Zaritsky et al. 2004) , the Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006) , the Deep Near Infrared Survey of the Southern Sky (DENIS, Epchtein et al. 1994) , Surveying the Agents of a Galaxy's Evolution Survey (SAGE-LMC with the Spitzer telescope, Meixner et al. 2006) , and HERschel Inventory of the Agents of Galaxy Evolution (HERITAGE, Meixner et al. 2010 Meixner et al. , 2013 . Additional data allowed the reconstruction of the Star Formation History (SFH) of the LMC (Harris & Zaritsky 2009; Weisz et al. 2013 ) and the age-metallicity relation (AMR, Carrera et al. 2008; Piatti & Geisler 2013) ; these studies confirmed that the stellar populations are on average sub-solar in metallicity.
Such extensive data sets, interpreted with models for AGB evolution using the metallicities of LMC stars, have enlightened and deepened our understanding of the various, still poorly known, physical mechanisms characterizing the AGB phase; namely, the third dregde-up, hot bottom burning, and the rate of mass-loss.
The TDU consists in the penetration of the convective envelope following each thermal pulse. When the bottom of the convective mantle reaches regions of the star where 3α burning has previously occurred, carbon-rich material is transported to the surface, with the consequent increase in the surface carbon abundance. Repeated TDU episodes may lead to the formation of a carbon star, with a surface C/O above unity. The luminosity function of the carbon star population in the LMC have been extensively used to draw information on the occurrence of TDU in terms of the extent of the inward penetration of the surface mantle in the after-pulse phases. The same studies also allowed the mass-loss rate experienced by these stars to be calibrated (Groenewegen & de Jong 1993; Marigo et al. 1999 Marigo et al. , 2003a Izzard et al. 2004) .
Hot bottom burning is activated when the temperature at the bottom of the convective envelope (T bce ) reaches sufficiently high values (T bce >40 MK) to activate protoncapture nucleosynthesis, with the consequent modification of the surface chemistry, according to the equilibria of the various reactions involved (Renzini & Voli 1981; Blöcker & Schöenberner 1991) . The main effects of HBB are the depletion of the surface carbon and nitrogen enrichment. For sufficiently large temperatures (above ∼90 MK) oxygen destruction also occurs during this process.
In the last few years, stellar evolution models that include the AGB phase have improved, with the inclusion of dust production in the stellar wind in the models (Ferrarotti & Gail 2006; Nanni et al. 2013a Nanni et al. ,b, 2014 Ventura et al. 2012a,b; Di Criscienzo et al. 2013; Ventura et al. 2014a) . These studies allow a step forward in our understanding of the physics of these stars because they can be used to interpret mid-infrared data of the most obscured, dust-enshrouded objects observed in dedicated surveys such as those mentioned above. The dust surrounding evolved stars reprocesses the light emitted by the central star at mid-infrared wavelengths. The study of the dust formation process is therefore mandatory to interpret their infrared colours correctly. By treating dust within the models and then comparing the resulting yields to observed abundances for similar dust-type stars one can push the comparison between yields and observed abundances further than previously done. First, by measuring the degree of obscuration of carbon stars through IR observations, one can get a handle on the TDU efficiency, since the amount of carbon accumulated at the stellar surface, which causes obscuration, depends on the efficiency of the TDU mechanism. Second, the amount of silicate dust formed in oxygen-rich stars is tied to the strength of the HBB experienced.
'Dusty' AGB models were used by Zhukovska & Henning (2013) and Schneider et al. (2014) to calculate the dust production rate by AGB stars in the LMC and compare them with existing estimates based on the observations. On the basis of these models, Dell'Agli et al. (2014 accomplished a characterization of the obscured stars in the LMC in terms of age, metallicity, and mass distribution. In a recent analysis, Ventura et al. (2015) showed that LMC stars experiencing HBB evolve to well-defined regions of the two-colour infrared diagram. Spectroscopic analysis of the selected sample, and in particular measurement of the C/O ratio, allows us to determine the strength of the HBB.
In order to gain insight into the LMC AGB stellar population and to get a handle on the physical mechanisms relevant for their evolution, a good opportunity is offered by the study of the planetary nebula population (Marigo et al. 2003b (Marigo et al. , 2011 Stanghellini et al. 2009 ). Planetary nebulae are related to the final stages of the evolution of AGB stars, their ejecta being illuminated by the remnant central star. Their chemical composition therefore depends on the relative strength of TDU and HBB experienced during previous stellar phases. The chemical composition of PNe, compared to the surface chemistry of AGB stars in their final stages, provides insight into the chemical evolution of the star throughout its life, and in particular on the mechanisms that alter its surface composition during the final stages of its evolution. Whereas the analysis of the distribution of AGB stars in the near-and mid-infrared diagnostic diagrams allows a statistical approach to the problem that is useful for shedding light on the relative duration of the various evolutionary phases, PN abundances are strong constraints on stellar surface processes and yields in the final stages of AGB stellar life. On the observational side, determination of the surface chemical composition of PNe is easier than for AGBs because the optical/near-IR spectra of such cool giants are contaminated by millions of molecular lines, and deriving the abundances of individual species requires the use of spectral synthesis techniques (e.g. García-Hernández et al. 2006 , 2007a , even when taking into account circumstellar effects (Zamora et al. 2014) . In addition, the more massive and extreme AGBs are heavily obscured and escape detection (and abundance studies) in the optical range (e.g. García-Hernández et al. 2007b ) and/or they may display extremely complex near-IR spectra (e.g. McSaveney et al. 2007) .
Against this background, we embarked on testing the results of suitable AGB stellar evolution yields to the observed chemical composition of the LMC PN population. The goal of this investigation is twofold. On the one hand, we attempt a characterization in terms of the progenitor mass and initial chemistry of the LMC PN sample. On the other hand, we use the PN chemical composition to help discriminate among different AGB models and paths, and to clarify still open issues related to AGB evolution, such as the strength of HBB experienced by the different star mass models, the possibility that more massive AGB stars may eventually become carbon stars, and the maximum carbon enrichment achieved by low-mass AGB stars. We constrain our study to the well-defined LMC PN sample in this paper and will extend it to other PN populations in the future.
In §2 we describe the stellar evolution models. Section 3 describes the changes in surface composition due to the AGB processing. Section 4 describes the observational sample used in this paper, its limitations and uncertainties, and the comparison of PN abundances with the final chemical composition from AGB evolution. A discussion is presented in §5, while the conclusions and future outlook are in Section 6.
THE EVOLUTION OF AGB STARS IN THE LMC
Modelling the AGB phase demands a considerable computational effort, owing to the necessity of adopting extremely short time-scales, as short as a few hours, during the thermal pulses. To date, there are still considerable differences among the results presented by the various groups in this field, which just stresses the difficulty in modelling the AGB phase.
The AGB stellar models are extremely sensitive to the input physics, primarily convection and the rate of massloss. In the literature, there are several reviews of AGB evolution Karakas 2011; Karakas & Lattanzio 2014) , and we do not repeat them here. In the following subsections we will present a summary of the physical input of the AGB models used in this paper.
Numerical and physical input
The AGB models used here are based on the evolution of the star and on a description of dust formation in the wind.
The evolutionary sequences of central stars were calculated by means of the ATON code for stellar evolution (Mazzitelli 1989 ). The interested reader will find in Ventura et al. (1998) a detailed discussion of the numerical structure of the code; the latest updates are given in Ventura & D'Antona (2009) . Here we briefly recall the most relevant physical input.
The temperature gradient within regions unstable to convective motion was determined by means of the Full Spectrum of Turbulence (FST, Canuto & Mazzitelli 1991) description. The efficiency of the convective transport of energy is probably the most important and relevant uncertainty affecting the results of AGB modelling (Ventura & D'Antona 2005) .
Mass-loss during the AGB for O-rich phases was modelled according to Blöcker (1995) . For carbon stars, we used the calibration ofṀ , based on hydrodynamical models of C-star winds, by Wachter et al. (2002 Wachter et al. ( , 2008 .
In the low-temperature regime (below 10 4 K) we calculated molecular opacities by means of the AESOPUS tool, developed by Marigo & Aringer (2009) . The advantage of this approach is that the opacities are suitably constructed to follow the changes in the chemical composition of the envelope driven by TDU and HBB, with the possibility of accounting for changes in the individual abundances of carbon, nitrogen, and oxygen. Following this approach is crucial for the description of the carbon-rich phase because the increase in the molecular opacities occurring when the C/O ratio approaches (and overcomes) unity favours a considerable expansion of the surface layers of the star, with the consequent enhancement of the rate at which mass loss occurs (Ventura & Marigo 2010) .
The dust formation process is described in Dell' Agli et al. (2015) . To span the range of metallicities of stars in the LMC (Harris & Zaritsky 2009 ), we used three sets of models with metallicity Z = 10 −3 , 4 × 10 −3 , and 8 × 10 −3 . Each model was evolved starting from the pre-main sequence phase until when almost all the external envelope was lost; prosecuting the computations until the beginning of the PN phase would demand a much greater computational effort, with no significant improvement to the results needed in this context.
Physical properties of AGB evolution models
The models presented here, including the discussion of the evolutionary sequences, are extensively illustrated in Ven- and initial mass below 3 M ). Here, we review the relevant aspects for the present paper regarding these models.
High-mass stellar models evolve to more massive AGB stellar cores, independently of the progenitor metallicity. These massive cores correspond to a higher stellar luminosity, hence, given our mass-loss prescription, to a higher rate of mass-loss. Stars with initial masses in the range 1.25 M Mi 3 M reach the C-star stage after a series of thermal pulses, each associated with a TDU episode, that gradually increases the surface stellar carbon. These limits are slightly dependent on metallicity: the lower limit to reach the C-star stage is 1 M for Z = 1, 4 × 10 −3 , whereas it is 1.25 M for Z = 8 × 10 −3 ; the upper limit in the initial mass to enter the C-star phase is 3 M for Z = 4, 8 × 10 −3 , whereas it is 2.5 M for Z = 10 −3 . After reaching a surface abundance ratio of C/O > 1, the surface molecular opacity increases (Marigo 2002; Ventura & Marigo 2009 , thereby triggering expansion (and cooling) of the external regions. As a consequence, the rate of envelope mass loss is enhanced when C/O becomes greater than unity.
A clear separation distinguishes models with initial mass below ∼ 3 M from their higher mass counterparts, which experience HBB. Stars that go through HBB will never become carbon stars, because their surface carbon is rapidly destroyed by proton-capture nucleosynthesis occurring at the base of the convective envelope.
The trend with mass in the high-mass domain (M> 3 M ) is straightforward: the higher the initial stellar mass, the higher is the temperature T bce at which HBB occurs, the steeper the core mass vs. luminosity relationship. These high-mass models lose the convective envelope very rapidly and thus experience a limited number of thermal pulses (see Table 1 in Ventura et al. 2013) , which prevents the possibility of any contamination of the surface chemistry by TDU.
A word of caution is needed regarding the dependence of models on physical input, particularly on convection and mass-loss rate. Models calculated with a less efficient treatment of convection than used here, such as the traditional mixing length (ML) scheme, experience weaker HBB, thus evolving at lower luminosities and losing their envelopes at a lower rate. If the ML scheme were applied, the number of thermal pulses experienced by massive AGB models would be higher than the number of pulses suffered by low-stellar mass models. As a result, massive stars would evolve as carbon stars in the very final AGB phases. An exhaustive discussion of this argument can be found in the detailed analysis by Ventura & D'Antona (2005) and in the more recent investigations by Doherty et al. (2014a,b) .
CHANGE IN THE SURFACE CHEMISTRY OF AGB STARS
The variation of the surface chemical composition of the AGB models in this paper, in terms of the surface mass fractions of the CNO elements, is shown in Fig. 1 , 2, and 3, respectively for Z = 10 −3 , Z = 4 × 10 −3 , and Z = 8 × 10 −3 . The abscissae give total stellar mass. This choice allows us Figure 1 . The evolution of the surface mass fraction of carbon (left), nitrogen (middle) and oxygen (right) during the AGB phase of models of initial mass in the range 1 M M 7.5 M and metallicity Z = 10 −3 . Along the abscissa we report the total mass of the star (decreasing during the evolution). For clarity, we show only the evolution of models of initial mass 1, 1.5, 2, 2.5, 3, 3.5, 4.5, 5.5, 6.5, and 7.5M . to show the sequences of the different masses in the same plane, despite the difference in the evolutionary times. The initial mass of each model can be deduced from the abscissa in the starting point of each track.
3.1 Low-mass AGB stars: the effect of Third Dredge-Up
The variation of the surface carbon, shown in the left panels of Fig. 1 , 2, and 3, reflects the relative contributions from TDU and HBB in modifying the surface chemical composition. In low-mass stars (M < 3 M ), TDU is the only active mechanism; thus, the surface carbon increases during AGB evolution. For all the metallicities investigated, the largest abundances of carbon, X(C) ∼ 10 −2 , are reached by models with mass M ∼ 2-2.5 M . The overall surface carbon abundance increases by a factor of ∼10 for Z = 8 × 10 −3 , and by two orders of magnitude for Z = 10 −3 . Models with mass below ∼2 M experience a smaller number of thermal pulses than the high-mass ones; hence, their final carbon abundance is smaller. Note that the final carbon mass fraction for stars experiencing TDU is practically independent of the initial abundance; rather, it is essentially determined by the extent of the inward penetration of the convective envelope into regions previously touched by 3α burning during each TDU episode.
Stars of initial mass below ∼ 1.25 M (but see discussion in section 2.2 on the sensitivity of this limit to the metallicity) do not reach the final carbon star phase because they lose the external mantle after a few thermal pulses, thus experiencing only a limited number of TDU episodes. In fact, the surface chemistry of these stars is changed only by the first dredge-up, which occurs while ascending the red giant branch (RGB).
The surface oxygen also increases in low-mass AGBs (see right panels of Fig. 1, 2 , and 3) because, during TDU, the base of the surface convection reaches layers where some production of oxygen has occurred. The percentage variation in the surface oxygen is smaller (by a factor of ∼2-3) with respect to carbon. The final oxygen surface abundance is fairly independent of the initial stellar abundance.
Unlike carbon, the surface nitrogen is not expected to undergo significant changes in low-mass AGB stars, which renders their final nitrogen abundances sensitive to the assumed initial relative abundances and to the metallicity of the star.
Massive AGB stars: the signature of hot bottom burning
During the AGB evolution of the higher-mass stars, those that undergo HBB, the variation of the surface chemical composition depends on the strength of the HBB experienced. The effects of HBB can be seen in the sudden decrease (by a factor of ∼20) of surface carbon, occurring in the initial phases of AGB evolution for M 4 M (see left panels of Fig. 1, 2 , and 3). The depletion of surface carbon occurs in conjunction with the increase in nitrogen abundance (see middle panels of the figures). The final abundances of C and N depend on whether the models suffer TDU in the final evolutionary phases.
Models with mass near the upper limit of AGB evolution (M ∼ 6-8 M ) are expected to experience only a small number of weak thermal pulses. The chemistry of these models is not contaminated by TDU, so their final abundances will reflect the pure effects of HBB. Consequently, they will end their AGB history with a carbon abundance a factor ∼10 lower than the initial abundance. Nitrogen will be greatly enhanced (by ∼20-30) owing to the combined effects of HBB and of the first dredge-up. The final abundances of carbon and nitrogen in these stars will be determined by the equilibra of proton-capture nucleosynthesis and will therefore scale with the initial overall C+N+O content of the star.
Models of mass 4 M M 6 M undergo a more complex evolution, because the initial contamination by HBB is followed by surface carbon enrichment, caused by TDU. This can be seen in the left panels of Fig. 1 , 2, and 3, where the surface carbon undergoes a series of ups and downs, the signature of the combined effects of TDU and HBB. In the very final AGB phases the mass of the envelope falls below the threshold for HBB: the surface carbon is determined solely by TDU so that it gradually increases until the end of the AGB evolutionary phase. The final carbon abundance depends on the number of TDU episodes experienced in the very final phases, when HBB is switched off. The present computations indicate that the final carbon in the star is higher the closer its initial mass is to the lower limit to activate HBB (i.e, to ∼3.5-4 M ). Nitrogen increases compared to its initial value, even more so than in the most massive models, owing to the bounty of carbon available both originally and from subsequent dredge-ups from the ashes of helium-burning.
The minimum threshold mass to activate HBB
Models of mass close to the threshold mass for HBB activation, M ∼ 3 M , are shown with dashed lines in Fig.  1 , 2, and 3; they exhibit an interesting and specific behaviour. These stars experience HBB until the repeated TDU episodes lead to the formation of a carbon star; when the C-star stage is reached HBB is extinguished, owing to the cooling of the external regions, favoured by the increase in the molecular opacities (Marigo 2007; Ventura & Marigo 2009 ). Note that this behaviour is found only when the low-temperature, molecular opacities for C-rich gas are used (Marigo 2002) ; in models using opacities calculated by neglecting carbon enhancement, HBB remains efficient until the whole envelope is lost. The final chemistry of these stars will be somewhat intermediate between low-mass AGB stars and more massive stars experiencing full HBB: the surface N will be slightly enhanced compared to the original abundance, whereas their surface carbon will be much higher than at the beginning of their evolution.
The puzzling behaviour of oxygen
Oxygen deserves separate discussion in this context. As shown in the right panels of Fig. 1, 2 , and 3, the surface oxygen decreases in all models experiencing HBB, the signature of the activation of CNO cycling. Whereas the CN cycle is efficiently activated in all cases, because it requires temperatures of the order of ∼40 MK, full CNO burning, with the destruction of the surface oxygen, requires temperatures T ∼ 90 MK, which renders the results extremely sensitive to metallicity. Because low-Z models experience more efficient HBB , the depletion of the surface oxygen with respect to the original content is much higher in the Z = 10 −3 models (δlog[X(O)] ∼ 0.7-1.5), compared to Z = 4 × 10 −3 (δlog[X(O)] ∼ 0.5-0.8) and Z = 8 × 10
The trend of oxygen abundances with mass is not trivial: the stars showing the most extreme chemistry are those with mass ∼5-6 M , which end their evolution with less oxygen compared to their higher-mass counterparts. The reason for this is that models of higher mass lose the convective envelope very rapidly, before a very advanced nucleosynthesis has occurred. This effect, as discussed in details in Ventura et al. (2013) , is a consequence of the use of the FST model for convection and of the Blöcker (1995) treatment of mass loss.
Although the evolutionary sequences used in the present investigation are interrupted before the total consumption of the external mantle, the computations are extended to a sufficiently advanced stage during the AGB evolution that the final surface chemical composition of the models can be directly compared with the observed chemical abundances of PNe. Low-mass AGBs suffer a strong mass loss after becoming carbon stars, owing to the effects of radiation pressure on solid carbon grains formed in the wind of the star. The loss of the envelope becomes faster and faster as more carbon is accumulated to the surface layers. In all the low-mass models discussed here the calculations reach phases when the loss of the envelope became so fast that the possibility that additional TDU episodes modify the surface chemical composition can be disregarded. On the side of massive AGBs, the nuclear activity at the base of the envelope is progressively extinguished by the loss of the external mantle; this is due to the general cooling of the external regions close to the bottom of the envelope. The computations of models in this range of masses were extended in all cases until the HBB was almost completely extinguished. Had we followed the evolution until the full ejection of the envelope, we would find a slightly higher nitrogen content and a smaller oxygen abundance; however, the differences would be significantly smaller than the errors associated to the observations, presented in the next section.
PLANETARY NEBULAE IN THE LMC

The LMC PN database
In order to compare data and models we have used a homogeneous sample of LMC PNe whose abundances have been collected over the years based on ground and space data sets. The most important element for these comparisons, carbon, has been observed directly with STIS/HST in 22 PNe (Stanghellini et al. 2005) . Another 17 PNe have reliable carbon abundances available in the literature (Leisy & Dennefeld 2006) ; upper limits to carbon for four additional PNe, and uncertain carbon determination for three PNe, are also given in the latter reference, which includes other critical elemental abundances such as helium, nitrogen, and oxygen.
In Table 1 we give the database used in this study. Column (1) gives the most used PN name. Column (2) gives the published morphological class. Columns (3) through (5) give respectively the gas-phase abundances of C, N, and O (by number) of the PNe, in the usual format log(X/H)+12. Finally, column (6) gives, where available, the dust type from Spitzer /IRS observations (Stanghellini et al. 2007 ). We list in this table all LMC PNe that have reliable measured abundances for at least one of the CNO elements. All abundances in Table 1 are from Leisy & Dennefeld (2006) and references therein. All abundances in Table 1 have been calculated with the direct method, i.e. through the calculation of electron temperature and density, and with unobserved ion emission accounted for via the ionization correction factor (ICF) method (Kingsburgh & Barlow 1994) . Note that the flux and reddening correction uncertainties for these samples are minimal when compared to the uncertainties produced by the ICF method. Most PNe in which carbon has been detected are in such an excitation range that the observation of C + , C 2+ , and C 3+ directly delivers the total carbon abundance. The derived uncertainties in carbon abundances are thus small, with both Stanghellini et al. (2005) and Leisy & Dennefeld (2006) indicating uncertainties <0.1 dex in 12+log(C/H). Uncertainties in the other elements are 0.01 dex for helium, 0.1 dex in oxygen and neon, and 0.15-0.2 dex in nitrogen abundances (Leisy & Dennefeld 2006) . For the three unreliable abundances mentioned above, the uncertainty can be up to 0.3-0.5 dex.
Nebular morphology is available for most the PNe listed in the table. They are taken directly from Stanghellini et al. (2000) and Shaw et al. (2001 Shaw et al. ( , 2006 . Here, we list only the main shapes, i.e. round (R), elliptical (E), bipolar or quadrupolar (B or Q), bipolar core (BC), and pointsymmetric (P). In some cases the morphology is uncertain, as noted in the table.
Another physical characteristic that we need for this study is the dust content of the PNe. Stanghellini et al. (2007) have observed a sizeable sample (25) of LMC PNe with Spitzer/IRS spectroscopy, finding different dust compositions (dust types) in their circumstellar envelopes. About half of the total sample shows carbon-rich dust features (nine C-rich PNe) or featureless spectra (14 F PNe, dust-free and quite evolved PNe dominated by nebular emission lines), while a small minority (two O-rich PNe) show oxygen-rich dust features.
It is worth noting that LMC PN studies in such chemical detail, i.e. whose auroral lines have been observed for electron temperature detection, are at the bright end of the PN luminosity function (PNLF). Such bright PNe are believed to have progenitors in the mid-mass range, given that the very high mass progenitors evolve too fast in the post-AGB to produce PNe that are observed at high luminosity. This translates into a very mild selection against the high AGB mass progenitors, something that is taken into account when interpreting the comparison between data and models. It is also worth noting that extragalactic PNe are typically selected from [O III] λ5007 off band-on band images. This may produce a selection effect toward higher oxygen abundance/ younger progenitors. In fact, at typical LMC metallicities, higher oxygen abundance seem to favour cooling through M 7.5M , with steps of 0.25M in the low-mass regime (1M M 1.5M ) and 0.5M for masses above 2M . 0.9M models are also indicated for Z = 1, 4 × 10 −3 . For some models the initial mass of the precursor is indicated. The dashed line indicates the locus of expected C and N abundances after the first dredge-up. The solid, diagonal (cyan) line separates the C-rich (right) from the O-rich (left) region. The triangular (magenta) region delimits the region populated by stars near the threshold mass to ignite HBB (see text for details). The horizontal large arrow indicates the in the low-mass regime the stars of higher mass accumulate more carbon at the surface, owing to the higher number of TDU episodes experienced; the vertical large arrow indicates that the surface nitrogen content of low-mass AGBs increases with the metallicity of the star. Right: Same plot, but in the oxygen vs. nitrogen abundance plane. Symbols are as in the left panel. In both plots, numbers indicate individual LMC PNe as in Table  1 .
other emission lines than [O III] 5007Å
, contrary to what happens at higher metallicities (see Stanghellini et al. 2003) .
Loci in the diagnostic diagrams
The left panel of Fig. 4 shows the observed PN abundances (by number, in the usual log(X/H)+12 scale) in the CN plane. The final mass fractions of carbon and nitrogen, derived from the evolutionary models, have been plotted on the same scale. In this plot the observed PNe are indicated with different symbols, depending on both their morphology and dust types. The model symbols have different colours and shapes depending on their metallicity.
The correlation of PN properties with progenitor mass is analysed on the basis of the stellar evolution processes seen in the previous section. For a given metallicity, the chemistry of the lowest masses shown (M ∼ 1 M ) reflects essentially the effects of the first dredge-up, with a reduction of the initial carbon and the increase in the surface nitrogen. Stars of higher mass (still below HBB activation) experience more TDU events, thus their final chemistry will be richer in carbon, whereas nitrogen keeps approximately constant.
For masses M ∼ 2.5 M the theoretical sequences bend leftwards. Models of mass around the threshold limit to activate HBB (see discussion in section 3.3) experience soft HBB, with a slight enhancement of the surface N, and partial destruction of the carbon previously accumulated. These models are included in the triangular region in the figure.
For M > 3.5 M the final nitrogen is greatly increased by HBB. In agreement with the arguments discussed in section 3.2, the most massive models occupy the upper-left side of the plane, as their surface chemical composition is not contaminated by TDU, which favours very small carbon abundances. Models of lower mass end their AGB evolution with a higher surface carbon, owing to the effects of a few TDU episodes in the final stages, when HBB is extinguished.
In the CN plane the metallicity effect is more clearly seen in the low-mass regime, as these models evolve at approximately constant N, thus their position is sensitive to the initial chemical composition, particularly the original ni- trogen when the star formed. In the high-mass domain the differences among the various metallicities are much smaller, because the C vs. N trend mainly reflects the equilibria of CN cycling. As shown in Fig. 4 , the models encompass observed groups of PNe. In particular, we note the dichotomy in the distribution of stars, divided into nitrogen-rich (log(N/H) + 12 > 8.3) and nitrogen-poor (log(N/H) + 12 < 8.2) groups.
Nitrogen-rich PNe
By comparing the AGB final chemical composition to the observed LMC PN abundances we interpret that N-rich PNe, most of which exhibit a bipolar morphology, are the progeny of stars with initial mass above ∼ 4 M that have experienced HBB during their AGB evolution. The most carbon-poor PNe in the LMC (log(C/H) + 12 < 7.5) belong to this group and are the descendants of the most massive AGB stars, whose surface chemical composition reflects the effects of pure HBB. Conversely, PNe with a higher carbon (but that are still N-rich) correspond to the final phase of the evolution of smaller mass progenitors, whose surface chemistry was contaminated by both HBB and TDU.
Given the evolutionary time-scales of AGB stars within this range of mass, we conclude that this PN subsample has progenitors of mass above ∼ 4 M , younger than ∼200 Myr. In particular, the nitrogen-rich and carbon-poor PNe have ages ∼ 40-80 Myr and descend from stars of mass in the range 6 M < M < 8 M .
The analysis of the position of the N-rich sample in the CN plane does not allow us to draw information on the PN progenitor's metallicity since the final chemistry of stars experiencing HBB is fairly independent of the original chemical composition. As shown in the left panel of Fig. 4 , models of different metallicity overlap with the observations. The NO plane is more useful to this aim, because the final oxygen abundance is extremely sensitive to the initial metallicity. In the right panel of Fig. 4 , we note that most of LMC PNe with enhanced nitrogen can be favourably compared with Z = 8 × 10 −3 models of mass in the range 4 M M 8 M , with the exception of SMP21, an N-rich (log(N/H) + 12 ∼ 8.4) PN surrounded by oxygen-rich dust. The low (gas) oxygen content of this PN (log(O/H) + 12 ∼ 7.85) seems to indicate a low metallicity (Z = 4 × 10 −3 ) precursor with initial mass ∼6-7 M . This interpretation is further confirmed by the Ar content of the PN (Leisy & Dennefeld 2006) , which is the lowest among the N-rich PNe observed.
The progeny of low-mass AGB stars
The sample of LMC PNe shown in the CN plane includes PNe with log(N/H) + 12 < 7.7, mostly with round or elliptical morphology. According to the comparison with our models, these are the descendants of stars with mass below ∼2.5 M . The spread in the observed nitrogen is an effect of a difference in the progenitor metallicity, higher-Z stars having higher nitrogen mass fraction. The observed spread in carbon is an indication of how many TDU episodes the progenitor star experienced during the AGB evolution; according to the discussion in section 3.1, models of higher mass experience more TDU episodes so that they end their evolution with a higher content of carbon. The trend in carbon is, in this case, a trend in mass. Both the effects of mass and metallicity are indicated, respectively, with a horizontal and a vertical, large arrow in the left panel of Fig. 4 .
PNe belonging to this low-carbon sub-sample are the descendants of stars of mass ∼ 1 M , showing contamination from the first dredge-up only. The age of their progenitor stars is in the range of 5-10 Gyr. In the CN plane, they are close to the dashed line.
Other carbon-rich PNe compare well with higher mass model (∼1.5-2.5 M ) yields and with progenitors formed between ∼500 Myr and ∼2 Gyr ago.
An additional group of LMC PNe show both carbon and nitrogen enhancement. They are enclosed within the triangular region in the left panel of Figure 4 . We interpret these as the progeny of stars with mass close to the threshold value to activate HBB (M ∼ 3 M ) discussed in section 3.3. The enhancement in nitrogen is due to weak HBB experienced in the AGB phases prior to the C-star stage, after which the stars have undergone a series of TDU episodes that increased the surface carbon.
A few outliers
The comparison among the observed abundances and the surface chemical composition in the final evolutionary phases allows an interpretation of most LMC PNe whose CNO abundances are known in terms of the mass (i.e. age) and metallicity of the progenitors.
Nonetheless, there are a few outliers. Four PNe apparently fall outside the range of CNO abundances covered by the models and thus deserve dedicated analysis. These PNe, indicated in the CN plane with the corresponding SMP numbers, are SMP 67, SMP 85, SMP 88, and SMP 93.
• SMP 67: The position of this PN in the CN plane is apparently not encompassed by any model. However, the carbon abundance observed for SMP 67 is an upper limit, based on non-detection (see Leisy & Dennefeld 2006 for details) , opening the possibility that this is the descendant of a massive AGB stars that experienced HBB with little (or no) contamination from TDU. The bipolar morphology also points to this interpretation. The oxygen content, as shown in the right panel of Fig. 4 , is compatible with the Z = 8 × 10 −3 metallicity.
• SMP 85. From the position in the CN plane (see left panel of Fig. 4) , this round-shaped PN could be the descendent of a low-mass star of Z = 4 × 10 −3 that experienced some carbon enrichment, owing to the effects of a few TDUs. The observed low oxygen abundance is hard to compare with any of the models.
• SMP 88: The main problem in the interpretation of the chemistry of this PN is its low oxygen content, which rules out the possibility that it is the descendant of a low-mass star of metallicity Z = 4-8 × 10 −3 , as deduced from its position in the CN plane. Taking into account that carbon was not detected for this object (an upper limit in given based on the spectrum), and considering a typical error on the oxygen content of ∼ 0.1 dex, we suggest that this PN originates from a low-metallicity star of mass ∼ 3 M , falling in the sample of AGB stars undergoing modest HBB and then becoming carbon star. This hypothesis is confirmed by the very small Ar content (log(Ar/H) + 12 = 5.61).
• SMP 93: In the CN plane, this bipolar PN is compatible with being the product of evolution from an AGB star that underwent HBB and (possibly) of some TDU processing. The problem in the interpretation of this object is its position in the NO plane, where the high oxygen abundance is compatible with a low-mass progenitor, a progenitor that experienced soft HBB and several TDU episodes. If the oxygen abundance observed is overestimated by ∼ 0.2 dex, the chemistry of the star would be then compatible with its being the descendant of a massive AGB of metallicity Z = 4 × 10 −3 .
PNE IN THE LMC AS PROBES OF STELLAR EVOLUTION THEORY
The dichotomy in the distribution of PNe in the CN plane, particularly the division among N-rich (log(N/H) + 12 > 8.3) and N-poor objects, confirms the existence of a threshold in mass, above which the stars experience HBB and become enriched in nitrogen. In the present analysis we find that HBB is active in all stars of initial mass above ∼3 M . This limit is partly dependent on convection modelling and on the assumptions concerning the overshoot from the convective core during the core H-burning phase; other research groups find a slightly higher threshold mass (∼4 M ) at the same metallicities discussed here (Karakas 2010) . The existence of a group of nitrogen-rich and carbonpoor PNe indicates that the surface chemistry of their precursors have been contaminated mainly by HBB. These stars exhibit a pure HBB chemistry and, according to our interpretation, they descend from very massive (M > 6 M ) AGB stars, undergoing a small number of weak thermal pulses. While some effects of TDU during the AGB evolution cannot be disregarded, the observed, small abundances of carbon rule out the possibility that any TDU episode occurred in the very final AGB phases, when HBB was no longer active: indeed, this would determine an increase in the carbon mass fraction.
This finding offers an important opportunity to discriminate among the models of massive AGB stars present in the literature. The dissimilarities among the results presented by various research groups is an indication of the uncertainties affecting the modelling of these stars, mainly owing to the extreme sensitivity of the results obtained concerning the description of convection and mass-loss (Ventura & D'Antona 2011; Ventura et al. 2013; Doherty et al. 2014b ). Doherty et al. (2014a) outlined the relevant effect of the treatment of the convective boundaries on the possible occurrence of TDU in massive AGBs and concluded that the differences among the carbon yields between their models and those presented by Siess (2010) (see Fig. 15 in Doherty et al. 2014a) were due to the different methods used to determine the extent of the mixed region at the base of the convective mantle. The presence of PNe with very small carbon contents is an indication that the chemistry of massive AGBs is not (or only scarcely) contaminated by TDU, in agreement with Siess (2010) and Ventura & D'Antona (2011).
All nitrogen-rich PNe studied here have C/O <1. Understanding whether this result is limited to the sample of PNe studied here, or whether it can be generalized to all the PNe in the LMC, would be crucial to assessing the variation of the surface chemical composition of AGBs with mass 4-6 M , that experience soft HBB, with temperatures below ∼80 MK. Frost et al. (1998) suggested that these stars would eventually reach the C-star stage as a consequence of a series of TDU episodes after HBB was shut down by the loss of the external mantle. The results of Karakas (2010) , based on full evolutionary computations, confirmed this possibility. Conversely, results presented by Ventura et al. (2013) indicate that the C-star stage is never reached by models experiencing HBB, which leaves no room for the possibility of observing PNe enriched in nitrogen and with C/O above unity. The observation of some PNe in the upper region of the CN plane, on the right of the line separating oxygen-rich objects from carbon-rich PNe (see left panel of Fig. 4) , would confirm the mechanism suggested by Frost et al. (1998) for forming bright carbon stars.
Still in the context of models experiencing HBB, we note that while the chemical composition in the final evolutionary phases of massive AGB stars of metallicity Z = 4, 8 × 10
are in good agreement with the observed PN abundances of C, N and O, the same does not hold for the low-Z component. The reason is that these stars, within the present modelling of convection based on the FST treatment, are expected to experience strong HBB (Ventura & D'Antona 2005) , with a considerable depletion of the surface oxygen (see right panel of Fig. 1) ; this is at odds with other models in the literature (Karakas 2010) , where the oxygen destruction (if any) is scarce. The right panel of Fig. 4 shows that such extremely low abundances of oxygen are indeed not found in the present sample of PNe. A possible explanation for this is an observational bias towards the PNe with high oxygen, which is possible by having selected PNe that are λ5007-bright and thus, at low metallicity, typically oxygenrich (Stanghellini et al. 2003) . Alternatively, the HBB produced by low-metallicity, massive AGB models, where convection is treated within the FST framework, is overestimated.
The detection of carbon-enriched PNe that are partly nitrogen-enriched confirms the mechanism of quenching of HBB, favoured by the achievement of the C-star stage. The presence of these PNe further supports the necessity of using the low-temperature, carbon-rich opacities when modellng these evolutionary phases, as pointed out by Marigo (2002 Marigo ( , 2007 .
Following the discussion in section 4.4, the PNe on the lower-right side of the CN plane are interpreted as the progeny of stars with initial mass below the threshold needed to activate HBB. The observations indicate an upper limit to the carbon abundance (log(C/H) + 12 < 9), which corresponds to a surface mass fraction X(C) ∼ 10 −2 . This is in agreement with our predictions, with the exception of models of mass ∼2-2.5 M , that reach slightly higher surface carbon in the late evolutionary AGB phases.
In low-mass AGBs, the final surface carbon is the outcome of a series of TDU events that gradually enrich the external mantle in carbon. The result depends on a delicate interplay between the rate at which mass is lost and the extent of TDU: the former determines the number of thermal pulses (and hence of TDU episodes) experienced by the stars during the AGB phase, whereas a more efficient TDU favours a faster increase in the surface carbon. The upper limit given above, if confirmed, indicates that once the C-star stage is reached, the external mantle is lost rapidly, thus limiting the number of thermal pulses experienced; radiation pressure acting on solid carbon dust particles could be a possible explanation for the increase in the mass-loss rate during these phases. This is in agreement with the AGB models used in the present investigations and with other models in the literature predicting only a modest increase in the surface carbon, with a final C/O ratio below ∼4 (Weiss & Ferguson 2009 ).
On the other hand, AGB models by other groups predict much higher carbon enrichments, with C/O ratios up to C/O ∼ 10 ( Karakas & Lattanzio 2007; Cristallo et al. 2011) . The results obtained here would suggest that the extent of the TDU experienced by carbon stars is lower than predicted by the latter models and/or that mass is lost much faster from the external envelope. To discriminate among the various models further observations of C-rich PNe in the LMC are required.
CONCLUSIONS
We analysed the LMC PNe whose direct CNO abundances are available from space-and ground-based observations, and compared them with the chemical composition of stars of mass 1 M < M < 8 M based on AGB evolution, accounting also for dust formation in the circumstellar envelope.
The observed abundances of carbon, nitrogen, and oxygen of the PNe sample encompass the final surface chemical composition of the AGB models that we used for the comparison, which allows us to characterize the PNe sample in terms of age, chemical composition, and mass of the progenitors.
The chemical composition of the PNe exhibits a dichotomy in the distribution of the nitrogen abundances, which we interpret as due to the activation of HBB in the stars of initial mass above ∼3 M . The objects enriched in nitrogen, with log(N/H) + 12 > 8, are the progeny of stars with mass higher than the aforementioned threshold, formed 50-200 Myr ago. The spread in the carbon content of these nitrogen-rich PNe is explained by the different number of TDU episodes experienced, particularly in the very late evolutionary phases, when HBB is shut down by the envelope consumption.
The N-rich PNe with the lowest carbon abundance are interpreted as the progeny of massive AGB stars with M 6 M , whose surface chemistry reflects mainly the effects of HBB, with a modest contamination from TDU. The very low carbon abundances of these stars confirms that efficient HBB occurs at the base of the envelope of massive AGB stars, in agreement with the predictions of the FST modelling of convection. The lack of carbon stars among the N-rich group suggests that formation of bright C-stars via repeated TDU episodes following HBB quenching does not occur: this is in agreement with our modelling, though additional measurements of carbon abundances of LMC PNe are required to clarify this issue further.
PNe with log(N/H) + 12 < 7.5 are interpreted as the final stages of stars that did not experience any HBB. These objects, with initial mass below ∼3 M , formed between 500 Myr and 10 Gyr ago. Whereas the spread in the carbon measured originates from the different number of TDU episodes experienced, the variation in the nitrogen content reflects the difference in the metallicity.
The highest carbon abundances found in the present sample of PNe suggests an upper limit to the amount of carbon accumulated at the surface of these stars, with log(C/H) + 12 < 9. This finding, if confirmed, indicates that once the C-star phase is reached, the stars lose their external mantle very rapidly, thus limiting the number of further TDU episodes experienced. Other observations are needed to confirm this conclusion.
